The accuracy with which goal-directed movements are executed depends substantially on the availability of accurate visuomotor information. When no visual information is available during movement execution, movement kinematics change and become more variable, indicating that the visual information about the movement environment is stored for a restricted period of time. However, little is known about the underlying decay characteristics. In this study we investigated how increasing memory demands change the kinematics of a grasping movement and whether these alterations reflect a continuous or an abrupt decay of the underlying visuomotor memory. Ten participants grasped differently sized objects under a full vision condition and four different delay conditions. Results show that the visuomotor information used for grasping decays rapidly after visual occlusion. The information decay over time became obvious in a decrease of movement accuracy and an increase in movement variability that were both well described by exponential decay models. Our findings suggest that visuomotor information is represented in some sort of short-term memory showing the same decay characteristics as observed in classical memory research.
Introduction
It is a hardly disputed fact that grasping kinematics are modified by the availability of visual information during movement programming, execution and control (e.g., Jeannerod, 1981 Jeannerod, , 1984 Milner & Goodale, 1995; Woodworth, 1899) . In order to reach for and grasp an object visual information is necessary to specify the properties of the object such as its shape, size, orientation, its position in space as well as its position relative to the hand. These physical characteristics must be visually processed and then transformed into motor signals to obtain the appropriate hand shape for grasping (Jeannerod, 1981) . On the other hand, it is also quite obvious that we can grasp objects successfully without looking at them constantly. When grasping an object without visual feedback some internal representation of the object has to be acquired during the planning phase of the movement. This internal representation, which contains the intrinsic characteristics of the object and its position in space, can then be used to guide actions when visual information about the environment is unavailable. Studies examining the temporary characteristics of the visual representation used to control reaching and grasping movements in the absence of vision however yielded ambiguous results (e.g., Elliott, Carson, Goodman, & Chua, 1991; Elliott & Madalena, 1987; Milner & Goodale, 1995; Rolheiser, Binsted, & Brownell, 2006; Westwood & Goodale, 2003) .
Most of the early studies suggested that a relatively accurate visual representation persists at least for some seconds after visual occlusion to guide goal-directed movements in the absence of direct visual input (e.g., for about 8 s) according to Thomson (1983) , and for at least 2 s according to Elliott and Madalena (1987) . However, later studies of Elliott and colleagues (e.g., Elliott, Calvert, Jaeger, & Jones, 1990; were in favor of a more rapid decay of the visual representation. The rapid decay was mainly reflected in a marked increase in movement end-point error which was assumed to indicate the strength of the underlying target representation. Since a great deal of information seemed to get lost during the first 1-2 s after visual occlusion, suggested that the spatial information needed for aiming is contained in a kind of iconic visual sensory memory (see Neisser, 1967; Sperling, 1960) . Although convincingly showed that a visual representation is used to guide movements off-line, they obtained no conclusive results regarding the exact temporal decay characteristics of this representation.
Recent studies proposed a different view on visuomotor representations and their temporal characteristics by assuming that highly accurate and metrically precise visual representations are only available when the target is visible during movement programming (Goodale, Kroliczak, & Westwood, 2005; 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.07.026 Westwood, & Milner, 2004; Westwood & Goodale, 2003) . This proposition is based on the ''real-time view of action" which constitutes a specification of the well-known ''two visual systems" theory by Milner and Goodale (1995) . According to this theory, the mechanisms underlying action planning and control are located in the dorsal cortical stream and are quite different from the visual mechanisms taking place in the ventral cortical stream for the conscious identification and recognition of objects. To suit the different purposes of action and perception the representations generated in both pathways are assumed to work on different time scales (Goodale et al., 2005; Goodale et al., 1994; Milner et al., 2001; Rossetti, 1998) . In the original version of the two visual-systems theory it was assumed that the representations in the ventral stream are stored for a long time whereas the visual representations in the dorsal stream are only available for a few seconds before they decay quickly (e.g., Goodale & Milner, 1992) . The realtime view of action specifies this view by stating that motor programs are not stored at all, but are exclusively computed in realtime immediately before, and only when movement initiation is actually required. In consequence, the real-time view of action considers object visibility during the RT-interval (i.e. the time between a go-signal and movement initiation) as highly critical. Only if the object is visible during the RT-interval, the dorsal stream is able to accomplish the highly accurate real-time computations. If vision of the object is suppressed during the RT-interval, dorsal real-time computations are unavailable and the motor system has to rely on the stored ventral representation resulting in less accurate performance (Westwood, McEachern, & Roy, 2001) .
Taken together, the literature therefore offers two different views concerning the decay characteristics of visuomotor information ( Fig. 1B): (1) the information might decay in a gradual (continuous) fashion which would be in line with the assumption that there is one (memory) system which stores the information used for movement execution and control or (2) the information decay might be a discrete process indicating that at some point movement execution and control are carried out using a qualitatively different, i.e. less accurate, representation of the environment (transition from the dorsal to the ventral representation). Empirically, one could discriminate between both alternatives by the shape of the error functions. Whereas a continuous decay should result in a smooth increase in movement errors over time, a discrete process would reveal itself in an abrupt step-wise increase of movement errors (see also . According to the real-time view of action the step in the error function would be expected between conditions in which the object is visible during movement programming and conditions in which the object is not seen during movement programming. Therefore, the step-wise increase of movement errors should happen between a condition that allows vision during the RT-interval (we will call this the OL-Move condition) and a condition that suppresses vision during the RT-interval (we will call this the OL-Signal condition, see below). Note that while the real-time view explicitly predicts that no information decay occurs between the CL and the OL-Move conditions, the theory makes no direct predictions about the sensitivity of the ventral stream to decay processes. In fact, it is assumed that the ventral stream provides a priori quite unreliable information for the programming of goal-directed movements resulting in a less accurate and more variable performance (Westwood et al., 2001) . However, the real-time view does not challenge the assumption that ventral stream information might be subject to continuous decay processes over time (see Rolheiser et al., 2006) .
One study often cited in support of the real-time view was conducted by Hu, Eagleson, and Goodale (1999) . In this study, participants had to grasp objects in different visual memory conditions: closed-loop (full vision of object and hand during the movement), open-loop (participants initiated their grasp with vision of the stimulus during the RT-interval, but not during the execution of the movement) and a 5 s-Delay condition (the object was only visible for 300 ms and the grasp was initiated 5 s after object presentation). Results showed no differences in kinematic measures between closed-loop and open-loop conditions. The authors concluded that in both conditions the action was driven by the realtime visuomotor transformations of the dorsal stream. In contrast, movements executed in the 5 s-Delay condition required more time, showed a larger maximum grip aperture (MGA), and altered velocity profiles suggesting that the stored perceptual information of the ventral stream was used. A major shortcoming of this study was, however, that object visibility during the RT-interval was not varied systematically. Therefore, the predictions of the real-timeaction were not tested directly.
Recently, we showed in two experiments in which we tested for the effects of object visibility during the RT-interval that there is no indication for a sudden qualitative change in movement kinematics depending on the availability of visual information during movement programming (Hesse & Franz, 2009) . Instead, our findings were in support of a fast continuous decay of visuomotor information which could be well described by exponential decay functions. Thus, we proposed that grasping after a delay might be guided by classical memory mechanisms which are often found to show exponential decay characteristics (Anderson & Tweney, 1997; Ebbinghaus, 1885; Loftus, Duncan, & Gehrig, 1992; Wickelgren, 1970 ). To our knowledge there are only two other recent studies which attempt to describe the visuomotor decay in more detail (Binsted, Rolheiser, & Chua, 2006; Rolheiser et al., 2006) . In both studies a continuous 10 s tapping task was used. After 5 s tapping under full vision, vision of the target (but not of the hand) was occluded and the participants had to tap another 5 s. The authors observed a strong increase in end-point variability as soon as vision was not available. While this kind of study has the advantage of continuously monitoring the decay of the memory trace therefore overcoming the limitations of a discrete delay paradigm, it has the disadvantage that the distinct effects of target visibility during the RT-interval were not tested. Moreover, concerning the decay functions both studies revealed ambiguous results. Whereas the data of Rolheiser et al. (2006) reflected a linear increase in movement variability starting immediately after target occlusion, Binsted et al. (2006) who basically used the same task, observed a brief plateau of maintained movement accuracy for approximately 2 s after target extinction followed by a second-order decay.
In the present study we wished to determine the decay characteristics of the visuomotor representations in more detail. Specifically, we wanted to test whether the modifications in movement kinematics are better described by a continuous decay function (e.g., linear vs. exponential) or by a discrete step-function. Whereas the former case would be in line with the assumption that visually guided and memory guided movements are based on the same visual representation which decays over time, the latter case would be in agreement with the idea of a change of the representations used to coordinate movement execution and control. A transition from the dorsal to the ventral representation is supposed to become apparent in qualitative changes in movement kinematics as, for example, an increase in MGA and end-point variability (e.g., Hu et al., 1999; Westwood & Goodale, 2003) . Since one possibility why we found different results than Hu et al. (1999) in our former study might have been the differences in the size of the target objects, we decided to use this time exactly the same size of stimuli as Hu et al. (1999) These conditions allowed us to test for the effects of (a) target visibility during movement execution (CL vs. OL-Move), (b) the effects of object visibility during the RT-interval (OL-Move vs. OL-Signal) and (c) the effects of longer delay periods (OL-Signal vs. Delay-conditions). As main dependent variable indicating information decay we chose the size of MGA because a larger MGA indicates that participants choose a larger ''safety margin" around the target object in order to compensate for a decay of visual information. Additionally, in reference to other studies, we were interested in the shape of the decay functions when end-point variability is used as an indicator (e.g., Binsted et al., 2006; Elliott & Allard, 1985; Rolheiser et al., 2006) .
Methods

Participants
Ten undergraduate and graduate students of the University of Giessen participated in the experiment. They were paid 8 Euro per hour of participation. All participants were right-handed by self report, had normal or corrected-to-normal visual acuity, and were naive with respect to the purpose of the study.
Apparatus and stimuli
Three cubes made of gray plastic served as target objects. The objects differed in the dimension of width (30 mm, 40 mm, and 50 mm) but were of a constant height and length (40 mm) (Fig. 2B ). All objects were grasped along their width. Their weight was 64 g, 86 g and 108 g, respectively. On each trial objects were placed at the same position marked with a pin upon which the object was affixed.
The trajectories of the finger movements were recorded by an Optotrak 3020 system (Northern Digital Incorporation, Waterloo, Ontario, Canada) at a sampling rate of 200 Hz. Light weight, small metal plates with three infrared light-emitting diodes (IREDs) were attached to the nails of thumb and index finger of the right hand (using adhesive pastels: UHU-patafix, UHU GmbH, Bühl, Germany). Prior to the experiment a calibration procedure was used to measure the typical grasp points of the fingers relative to the three markers on the plate. Mathematical rigid-body calculations allowed for an accurate calculation of the grasp points of index finger and thumb. An extra IRED was attached to the dorsal surface of the hand to measure the transport component of the movement (wrist marker).
In order to detect the exact moment when the target object was touched, an additional IRED was embedded in the board. Each target had a little mirror foil on the left side reflecting the signal of the embedded IRED, which was registered by the Optotrak (cf. Franz, Scharnowski, & Gegenfurtner, 2005 , Fig. 3f, p. 1363 . As soon as the cube was moved, the Optotrak received a position displacement signal which was differentiated into a velocity signal indicating the exact time of contact with the stimulus. During the experiment participants wore liquid-crystal shutter goggles (PLATO Translucent Technologies, Toronto, Ontario; Milgram, 1987) , which rapidly suppress vision by changing from a transparent to an opaque state.
Procedure
Participants sat comfortably on an adjustable chair within a lit room. They looked down at a white tabletop at which the objects were placed. A chin rest was used to maintain a constant head position throughout the experiment. Participants started each trial with the index finger and thumb of the dominant right hand located at the starting position ( Fig. 2A) . The straight-line distance between starting position and object was approximately 35.4 cm.
At the beginning of each trial participants placed their hand at the starting position, and the shutter glasses turned opaque. Subsequently, the experimenter placed the target object on the table and initiated the trial manually by pressing a key. Then the shutter glasses switched to the transparent state for a preview period of 1 s. Participants were instructed to view the object during this preview period and to wait with their movement until a go-signal with a duration of 100 ms was given. In response to this auditory signal, participants grasped the cube along its width, lifted it, placed it to the right of the object position, and moved their hand back to the starting position. Subsequently, the experimenter returned the cube and prepared the next trial. There were five different experimental conditions which differed in the amount of visual information and memory demands (see Fig. 1A ).
In the ''closed-loop" (CL) condition, the auditory signal directly followed the preview period and the shutter goggles remained transparent for another 3 s, such that participants could see both the object and their hand during grasping. In the ''open-loop after movement initiation" (OL-Move) condition, the auditory signal was also given directly after the preview period, but the goggles turned opaque when the fingers left the starting point (i.e., after both fingers had moved more than 20 mm away from the starting position). This means that the occlusion of vision during grasping was triggered by the movement of the fingers and that participants executed their grasp without seeing object and hand. In the ''OL after start-signal" (OL-Signal) condition, the auditory signal and the changing of the shutter goggles to the opaque state occurred simultaneously after the 1 s preview phase, independent of finger movements. Similarly to the previous condition neither object nor hand were visible during grasping, but this time the visual occlusion was triggered by the auditory signal and therefore occurred slightly earlier than in the OL-Move condition. The main difference between the OL-Move and the OL-Signal condition was therefore whether the target object was visible during the RTinterval or not. Finally, there were two delay conditions: the ''2 s-Delay" and the ''5 s-Delay" conditions in which either a 2 sor a 5 s-Delay was inserted between the preview period and the auditory go-signal. During the delay and the following grasping movement the goggles remained opaque so that the participants had to remember the object for the duration of the delay and the following execution of the grasping movement. Therefore, these conditions posed the highest memory demands.
In all conditions participants were allowed 3 s to execute the movement (from the go-signal until having removed the bar by at least 50 mm from the object position). If this time limit was exceeded, the trial was classified as an error and was repeated later in the experiment at a random time. Vision conditions were performed in blocks of 24 trials (eight trials per stimulus-length) and each participant accomplished a different order of blocks. The size of the object varied randomly from trial to trial within each block. Each block was preceded by three practice trials to familiarize the participant with the vision condition. Thus, participants always knew in advance how much visual feedback was available during movement execution. It was shown by Heath, Rival, and Neely (2006) that participants use different control strategies depending on whether the availability of visual feedback is predictable or not (see also, Elliott & Allard, 1985) . They proposed that movements were controlled off-line when visual feedback could not be predicted in advance. This off-line control mode is supposed to use perceptionbased visual information (Heath et al., 2006) . Given this argument, a random feedback schedule would not tap the on-line control mode of the dorsal stream (for a slightly different view see also Khan, Elliott, Coull, Chua, & Lyons, 2002) .
Data analysis
The finger trajectories were filtered off-line using a second-order Butterworth Filter with a low-pass cut-off frequency of 15 Hz. Movement onset was defined by a velocity criterion. The first frame in which the wrist exceeded a velocity threshold of 0.1 m/s was taken as movement onset. Reaction time (RT) was defined as the time between the auditory go-signal and the movement onset. The touch of the object was also defined by a velocity signal given by the mirror attached to the objects. The first frame in which this signal exceeded a velocity threshold of 0.01 m/ s was taken as the touch of the object. MT was defined as the time between the movement onset and the touch of the object. Furthermore, different parameters of the aperture profile (difference between index finger and thumb) were analyzed: MGA was defined as the maximum distance between thumb and index finger during MT. Time to MGA was analyzed as relative time (time of MGA as percentage of MT). To measure the spatial accuracy of the movements (variable error) we determined the surface area of the 95% end-point confidence ellipses. This ellipse captures 95% of the end-points of movements to a given target, and its surface area thereby provides a measure of the two-dimensional variability of these end-points (Messier & Kalaska, 1997 . Endpoint variability was determined in the two dimensions perpendicular to the movement (x and z) since the third dimension was predetermined by the depth of the target object. Exponential decay functions [y = Àae Àbx + c] were fitted to the data of MGA and endpoint variability using a least square algorithm. Data were analyzed using repeated-measures analysis of variance (ANOVA) and the Greenhouse-Geisser correction (Greenhouse & Geisser, 1959) . Values are presented as means ± standard errors of the mean (between subjects). Post-hoc contrasts were carried out using Fisher's LSD (least significant difference) testing procedure. A significance level of a = .05 was used for all statistical analyses.
Results
Grasp kinematics: MGA
Our main interest was in the changes of kinematic parameters due to the different vision-conditions with successively increasing memory demands. Therefore, a 4 (vision condition) Â 3 (object size) repeated-measures ANOVA was applied to the data. As predicted, the MGA increased significantly when visual feedback was reduced, F(4, 36) = 32.1, p < .001. Fig. 3 shows that the strongest increase in MGA occurred between the CL and the OL-Move condition (see Table 1 for mean values). Except for the difference between the 2 s-Delay condition and the 5 s-Delay condition, all differences between the vision-conditions were significant, as indicated by post-hoc comparisons (all p < .03). Therefore the data are in conflict with the predictions of the real-time view of motor programming predicting no difference in the size of MGA between the CL and the OL-Move conditions. MGA was also affected by the size of the object F(2, 18) = 119.8, p < .001. As expected, the MGA was larger for larger object sizes (Table 1) . We also observed a significant interaction effect, F(8, 72) = 9.4, p < .001, indicating that the effects of object size on MGA were reduced with increasing memory demands. To investigate this matter in more detail, we calculated the slopes of the scaling function relating the size of the object to MGA. There was a significant main effect of vision condition of the size of the slopes F(4, 36) = 12.4, p < .001. The slopes were steepest in the CL-condition (.83 ± .05), shallower but almost equal in the OL-Move and the OL-Signal conditions (.59 ± .07 and .58 ± .06 at MGA), and again shallower in the both delay conditions (.47 ± .08 and .47 ± .06 at MGA). Thus, in contrast to our former observations (Hesse & Franz, 2009) we found that the grip scaling was less sensitive to changes of object sizes after a delay. On the other hand this finding might indicate a tendency toward a range effect resulting from perceptual and/or motor averaging when memory demands increase. This parallels the observations made in memory guided aiming movements showing that the memory of a target position decays toward an ''average" or central response (e.g., Elliott & Lee, 1995; Laabs, 1973; McIntyre, Stratta, & Lacquaniti, 1998; Pepper & Herman, 1970) .
Regarding the timing of MGA, we replicated the finding that the MGA occurs earlier in relative time when vision is reduced, F(4, 36) = 15.0, p < .001. Table 1 shows the mean values obtained for the different vision-conditions. Post-hoc tests indicated that all conditions with reduced visual feedback differed significantly from the CL-condition (all p < .003). Furthermore, the MGA was reached significantly later in the OL-Move condition than in both delay conditions (both p < .03). There was no significant difference in the timing of MGA between the OL-Move and the OL-Signal conditions (p = .10), as the real-time view of motor programming would predict. Furthermore, the MGA occurred at about the same time in the OL-Signal and the 2 s-Delay and 5 s-Delay-conditions (all p > .20). The timing of MGA was also affected by the size of the object, F(2, 18) = 12.0, p = .001. In accordance with previous findings, the MGA occurred later in relative time when grasping larger objects (see Table 1 ). There was no interaction effect (p = .34).
Transport kinematics: RT and MT
The 4 (vision condition) Â 3 (object size) repeated-measures ANOVA revealed that the RT was not affect by any of the experimental variations (all p > .42). On average it took participants 371 ms ± 24 ms to begin their movement after the presentation of the go-signal (see Table 1 ).
Regarding the MT we found a significant effect of vision condition, F(4, 36) = 4.3, p = .03. Table 1 shows that the movements were executed slower the less visual feedback was available. Post-hoc tests, however, revealed that the only difference that reached significance was between the CL-conditions and the 5 s-Delay-conditions (all other p > .05). One reason why the differences between conditions were marginal might be that the objects had relatively large contact surfaces (4 cm Â 4 cm) and were thus easy to grasp not requiring precise visual feedback (for discussion see also, Hesse & Franz, 2009 ). Additionally, there was also a significant effect of object size on MT, F(2, 18) = 4.9, p = .02, indicating that movements to the smallest object took longer than movements to the largest object (p = .01). There was no interaction effect (p = .38).
Information decay
As shown in the previous section our results are inconsistent with the predictions of the real-time hypothesis of action. The main kinematic landmark of grasping, which is MGA, was strongly affected by the availability of vision during movement execution. In particular, we found no evidence that the grasping movements performed in the OL-Move conditions were guided by highly accurate real-time representations of the object. Rather we observed a considerable drop of accuracy (as indicated by an increase of MGA) in the OL-Move conditions compared to the CL-conditions (for similar results see also, Bruno & Franz, 2009 ). Recently we have proposed that these results might reflect an exponential decay of visuomotor information (Hesse & Franz, 2009 ). Since exponential decay functions are quite common in memory research (e.g., Anderson & Tweney, 1997; Ebbinghaus, 1885; Loftus et al., 1992; Wickelgren, 1970) , it seems plausible to assume that the information used for grasping is susceptible to similar decay processes. Fig. 4 shows the mean values (averaged across object sizes) of MGA for each delay condition (averaged across object sizes) as a function of time of occlusion until MGA was reached. In accordance with our recent findings (Hesse & Franz, 2009 ) the increase of MGA due to visual occlusion is well described by an exponential function. As shown in Fig. 4b this is seems to be a relatively robust effect which could not only be replicated in a series of experiments conducted in our lab, but can also be revealed in the data reported by other authors as for example Westwood et al. (2001) . Thus, the increase of MGA seems to reflect a rapid decay of the visuomotor information which starts as soon as the object is removed from view. In response to the rapid decay of the visual information, participants become more uncertain about the actual location (and size) of the object resulting in an increase of the safety margin between the fingers and the object. As discussed in Section 1 some studies examining the decay of visuomotor information, mainly in pointing movements, have focused on the increase of the movement (end-point) variability (e.g., Binsted et al., 2006; Elliott & Allard, 1985; Rolheiser et al., 2006; Westwood, Heath, & Roy, 2003) . In our study we were thus interested in how decay processes might look like when end-point variability instead of MGA is taken as an indicator. Fig. 5 shows the end-point variability (surfaces areas of the ellipses reflecting the 95% confidence limits in 2-dimensions) as a function of the time of occlusion until the end of the movement was determined. Surprisingly, again the data was best described by an exponential function (see Fig. 5A ) therefore paralleling the results obtained when using MGA as a measure for visuomotor decay. Moreover, the finding could be replicated when re-analyzing the data of Hesse and Franz (2009) (Fig. 5B) . The end-point variability was considerably smaller in these experiments since the contact surfaces of the stimuli (and the stimuli themselves) were much smaller therefore requiring a more accurate grip.
Again we checked if the pattern of result can also be found in the data of other authors. Unfortunately, there are only very few papers providing all the necessary information (i.e., measures for the variable error, as well as RTs and MTs in different vision-conditions). Fig. 5c shows the data of who examined the variability of reaching movements in memory guided movements. Although the variable error was calculated in a slightly different way (as the standard deviation of end-point positions along the midsagittal axis) the increase in variability with decreasing visual information also seems to reflect an exponential decay process (mean values of the variable error were estimated from Fig. 3 of . In summary, the decay of visuomotor information following visual occlusion seems to show exponential characteristics which occur reliably and can be observed in different movement parameters.
Discussion
The aim of this study was to determine for how long visual information, used for the control of grasping movements, persists after different periods of visual occlusion. Especially, we were interested in the temporal characteristics of the visuo-spatial memory and wanted to test whether the stored information shows continuous or abrupt decay characteristics. Since the decay of visual information reveals itself primarily in a decrease of accuracy, we chose two different measures which are known to reflect the accuracy of a grasping movement very well: the MGA and endpoint variability.
Our main finding was that the decay characteristics measured in both variables were very well described by exponential functions. That is, the accuracy of the movement decreased rapidly during the first 2 s of visual occlusion and stayed at a relatively stable level after that period of time. In contrast to the predictions of the real-time view of action programming (Hu et al., 1999; Westwood & Goodale, 2003; Westwood et al., 2001) we did not observe a qualitative change in movement kinematics dependent on the fact whether or not vision of the target was available at the moment movement initiation was required (RT-interval). In fact, the differences observed between the OL-Move and the OL-Signal conditions seem to result from another 300 ms time for the visual information to decay (see also, . Therefore, the visual representation used to guide the movements in the absence of visual feedback apparently show the same decay characteristics as typically associated with information stored in the iconic memory (Neisser, 1967; Sperling, 1960) . A similar interpretation was already provided several years ago by Elliott and colleagues (e.g., Elliott & Madalena, 1987) . Although Elliott and colleagues found consistent evidence that a good portion of visual information is lost during the first 2 s of visual occlusion, they did not provide any final conclusion concerning the exact time course of the decay. Interestingly, analogous observations were also made in other fields of research as, for instance, in the saccadic eye-movement literature (Becker & Fuchs, 1969; Gnadt, Bracewell, & Andersen, 1991) . In these studies a rapid deterioration of the target representation (indicated by an increase of end-point variability) occurred during the first second after target offset and was followed by a phase of relatively stable performance with almost no further increase of end-point variability.
Additionally, we could show that exponential decay characteristics did not only occur reliably in the experiments conducted in our lab but can also be revealed in the data of other authors (see Figs. 4B and 5C ). Besides, we recently showed that exponential functions provide also a valid description when more vision-conditions with short delay durations, which are critical for the fitting procedure, are introduced (Hesse & Franz, 2009, Fig. 9) . One reason why exponential decay functions were not reported in previous research might be that in most studies the decrease in accuracy was not described as a function of occlusion duration. Given that the duration of occlusion is not equally spaced across different vision-conditions, the exact amount of time elapsing between the removal of vision and the measurement of the dependent variable has to be taken into account to unveil the exponential characteristics.
Our results give no indication for an instant transition to a different control mode (dorsal vs. ventral) taking place as soon as the target is not visible during movement programming. Yet, from our experiments we cannot derive a final conclusion concerning the question where exactly in the CNS the information decay occurs. According to the real-time hypothesis of motor programming information decay is assumed to be an unique feature of the ventral stream, since the dorsal stream stores no information at all . On the other hand, there are several neurophysiological as well as neuropsychological studies which are in support of a dorsal stream involvement in the processing of delayed movement tasks (e.g., Connolly, Andersen, & Goodale, 2003; Lacquaniti et al., 1997; Himmelbach et al., 2009; Murata, Gallese, Luppino, Kaseda, & Sakata, 2000) . Thus, it seems reasonable to assume that information decay is also taking place in the dorsal stream areas.
However, if one takes the existence of two different processing modes, as proposed by Milner and Goodale (1995) , for granted, our data can also be interpreted in alternative ways. In the original version of the two visual-system theory Milner and Goodale (1995) proposed that the visuomotor information contained in the dorsal stream decays quickly whereas the information stored in the ventral stream remains relatively stable over longer periods of time. Therefore, the steep increase in movement variability during the first second of visual occlusion might indicate a rapid information decay in the dorsal stream Increase of end-point variability in the different vision-conditions. The abscissa depicts the mean duration of occlusion until the object was touched (which is zero for the CL-condition, the MT in the OL-Move condition, the sum of MT and RT in the OL-Signal condition, and the sum of delay duration, RT, and MT in the delay conditions). Exponential functions were fitted to these data points using a least square algorithm. (B) Shows the results for the same analysis of the data of Hesse and Franz (2009) . (C) Exponential fit to the data of the variable error reported by in Fig. 3 ; and to the data of reported in Fig. 1 (for the simple reaction time task). Both studies provided the mean RTs and MTs for the different vision-conditions. Again, the increase in variability due to longer delays is best described by an exponential function in all experiments. Note, that the variable error was calculated differently in these studies.
areas followed by a slower decay in the ventral stream areas after longer periods of visual occlusion (shallow part of the exponential decay function). The increase in movement error might also reflect a gradual transition from the dorsal (on-line) processing mode to the ventral (off-line) processing mode over time (as proposed by Himmelbach & Karnath, 2005) . Consequentially, the exponential decay observed in our data could also indicate an (exponential) fade out of dorsal stream activity. Taken together, our data cannot finally reject the proposition that different systems are involved in the execution of visually guided and memory guided movements. Nevertheless, as argued by us earlier (Hesse & Franz, 2009) , there seems to be no need to hypothesize the existence of two qualitatively different representations to account for the effects observed in many studies on delayed reaching and grasping. Thus, the assumption that there is only one representation which decays over time provides, in our opinion, the more parsimonious explanation, for now.
Conclusion
To sum up, our experiment provides evidence that the visual information used to program a grasping movement decays rapidly over time. In contrast to some other studies (e.g., Binsted et al., 2006; Elliott & Madalena, 1987) , we found no indication that, for a limited period of time after visual occlusion, movements can be executed as precise as in a full vision condition. Likewise, we did not observe an abrupt change in grasping kinematics depending on whether the object was visible during the movement programming phase or not (e.g., Hu et al., 1999; Westwood & Goodale, 2003) . Instead, the variables reflecting information decay (MGA and end-point variability) seem to change exponentially as soon as the object is removed from view, therefore suggesting that classical memory mechanisms are involved.
